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Arrangement of Type IV Collagen and Laminin
on Substrates with Controlled Density of –OH Groups
Nuno Miranda Coelho, (Ph.D. student)1,2 Cristina Gonza´lez-Garcı´a, (Ph.D. student)3,4
Manuel Salmero´n-Sa´nchez, Ph.D.,3,4 and George Altankov, M.D., Ph.D.1,3,5
Collagen IV (Col IV) and laminin (Lam) are the main structural components of the basement membrane where
they form two overlapping polymeric networks. We studied the adsorption pattern of these proteins on five
model surfaces with tailored density of –OH groups obtained by copolymerization of different ratios ethyl
acrylate (EA) and hydroxyl EA (HEA): XOH = 0, XOH = 0.3, XOH = 0.5, XOH = 0.7, and XOH = 1 (where X refers the
ratio of HEA). Atomic force microscopy revealed substratum-specific adsorption patterns of Col IV and Lam,
ranging from single molecules deposition on more hydrophilic substrata to the formation of complex networks
on hydrophobic ones. Human umbilical endothelial cells were used to study the biological performance of
adsorbed proteins, following the overall cell morphology, the quantities for cell adhesion and spreading, and the
development of focal adhesion complexes and actin cytoskeleton. Surprisingly, two optima in the cellular
interaction were observed—one on the most hydrophilic XOH = 1 and other on the relatively hydrophobic
XOH = 0.3 substrate–valid for both Col IV and Lam. When the proteins were adsorbed consecutively, a hydro-
phobic shift to XOH = 0 substratum was obtained. Collectively, these data suggest that varying with the density of
–OH groups one can tailor the conformation and the functional activity of adsorbed basement membrane
proteins.
Introduction
Tissue engineering strives to replace the damaged tis-sue with scaffold (colonized or not with cells) that
mimics the natural 3D organization of extracellular matrix
(ECM).1–3 However, the various currently used medical de-
vices such as stents, prosthesis, and metal implants cannot
avoid the 2D contact with tissues. Upon implantation they
hamper the local organization of ECM and alter the bio-
compatibility of implant. The initial cellular events that take
place at the biomaterials interface mimic to a certain extent
their natural interaction with the ECM.4–6 Although the cells
avoid direct contact with foreign materials, they readily at-
tach to the adsorbed soluble matrix proteins such as fibro-
nectin, vitronectin, fibrinogen, and others,3,5 which are
uniformly available in the biological fluids. At longer contact
with tissues, however, other less soluble ECM proteins such
as collagens and Lammay also associate with the biomaterial
surface influencing significantly the adjacent cells behavior
and function.3,7,8 Recently, we are particularly interested on
the fate of adsorbed type IV collagen (Col IV) and Lam
considering their important role for the assembly of base-
ment membranes (BM)—a highly specialized ECM common
to many types of tissues.9 The BM provides underlinement
for the organ-specific cells supporting their functional orga-
nization.10 Consequently, the biohybrid organ technologies
require construction of modules based on membranes in
order to mimic the spatio-temporal organization and per-
meability of BM.3,11 However, despite the extensive studies
on the role of BM components in various physiological and
pathological conditions—ranging from the early develop-
ment, wound healing, and angiogenesis,12 to the athero-
sclerosis, tissue fibrosis, and cancer13,14—our knowledge on
the behavior of Col IV and Lam at biomaterials interfaces
is limited. Making use of atomic force microscopy (AFM) we
recently described a distinct phenomenon of material-
induced assembly of Col IV on model hydrophilic and hy-
drophobic substrata.15 We found a spontaneous formation of
a fine network on hydrophilic glass and a prominent po-
lygonal network on hydrophobic octadecylsilane (ODS) that
alters significantly Col IV activity.15 However, except on
wettability the substrata we used differ in their chemistry,
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which rise obstacles for interpretation of results. Moreover,
we did not consider the behavior of the other main BM
player–the Lam–particularly in conditions where both pro-
teins are adsorbed. Therefore, here we describe the material-
driven arrangements of adsorbed Col IV and Lam on model
surfaces16 where fraction of –OH groups vary as an inde-
pendent parameter. Using this well-defined family of poly-
mer substrata,16 we recently described the adsorption
pattern of various ECM proteins, including fibronectin,17
vitronectin,18 and fibrinogen,19 showing that it may strongly
influence their biological activity.16–18 Here we extend these
studies corroborating the substrate behavior Col IV and Lam
as main BM constituents. To follow their biological perfor-
mance we choose primary endothelial cells considering their
role for the functional organization of vascular BM and their
involvement in the neovascularization3,11 both events criti-
cally important for most tissue engineering applications.11,12
Here we demonstrate that the adsorption patterns of both
Col IV and Lam are strongly dependent on the surface
fraction of –OH groups. AFM studies revealed specific
substratum-induced assembly of these proteins, from single
molecule arrangements to the specific networks—the later
better pronounced on hydrophobic environment. The initial
interaction of endothelial cells surprisingly shows two
optima—a hydrophilic (XOH = 1) and a hydrophobic one
(XOH = 0.3)—evaluated from the changes in adhering cells
morphology, the quantities for cell adhesion and spreading,
and the development of focal adhesions and actin cyto-
skeleton. When both proteins were adsorbed consecutively,
a distinct complex morphology of the adsorbed protein
layer was observed resulting in a hydrophobic shift in the
cellular interaction (to XOH = 0). Details of this study are
reported herein.
Materials and Methods
Materials
Copolymer sheets were obtained by polymerization of a
solution of both monomers ethyl acrylate (EA) (Aldrich, 99%
pure) and hydroxyl EA (HEA) (Aldrich, 96% pure), in the
desired proportion, using 0.1 wt% of benzoin (Scharlau, 98%
pure) as photoinitiator and a 2 wt% of ethyleneglycol di-
methacrylate (Aldrich, 98% pure) as crosslinking agent. The
polymerization was carried out up to limiting conversion
and against a smooth glass surface seeking to obtain surfaces
of controlled and reproducible roughness. Five monomer
feed compositions were chosen, given by the weight fraction
of HEA in the initial mixture of XOH = 1, 0.7, 0.5, 0.3, and 0 (it
refers to the fraction X of HEA in the copolymer). After po-
lymerization, low molecular mass substances were extracted
from the material by boiling in ethanol for 24 h and then
drying in vacuo to constant weight.
The equilibrium water content (mass of water absorbed
referred to the dry mass of the substrate) and the water
contact angle (using a Dataphysics OCA) were measured for
the different substrates.
Small disks (*10mm diameter) were cut from the poly-
merized sheets to be used in the protein adsorption and cell
adhesion studies. The samples were sterilized with gamma
radiation (25kGy) before the experiments.
XPS experiments were performed in a PHI 5500 Multi-
technique System (from Physical Electronics) with a mono-
chromatic X-ray source and calibrated using the 3d5/2 line of
Ag. The analysed area was a circle of 0.8mm diameter, and
the selected resolution for the spectra was 23.5 eV of pass
energy and 0.1 eV$step - 1. All measurements were made in
an ultra high vacuum chamber pressure. XPS elemental
sensitivity factors according to the MULTIPAK program for
PHI instruments were used. An automatic XPS signal fitting
software has been developed under MATLAB v7.2 (The
MathWorks, Inc.) environment to deconvolute the experi-
mental spectra as described elsewhere.20 The fitting software
makes use of an independent Voigt function per peak (which
in our case means four Voigt functions to fit the C 1s spectra
and three Voigt functions to fit the O 1s peaks).
Protein adsorption
The adsorption concentration for both proteins was 20 mg/
mL: in 0.1M sodium acetate (pH 4.5) for Col IV (Abcam) and
in phosphate-buffered saline (PBS) (pH 7.4) for LAM (Sig-
ma). Some samples were coated consecutively, first with Col
IV than Lam, with extensive washing with PBS between in-
cubations. The incubation period was of 10min for AFM
studies and 30min for cellular interaction, both at 37C.
Afterward, the samples were extensively washed with PBS.
AFM
Samples with the adsorbed protein were quickly dried
using Nitrogen air flow. AFM was performed in a Nano-
Scope III from Digital Instruments operating in tapping
mode in air. Si-cantilevers from Veeco were used with force
constant of 2.8N/m and resonance frequency of 75 kHz. The
phase signal was set to zero at a frequency 5%–10% lower
than the resonance one. Drive amplitude was 200mV and the
amplitude set-point Asp was 1.4 V. The ratio between the
amplitude set-point and the free amplitude Asp/A0 was kept
equal to 0.7. The WSxM software was used to process height
AFM images to obtain topographical profile (number of
event per given altitude) and a tailor-made MATLAB soft-
ware (The MathWorks, Inc.) for volume calculations of the
adsorbed protein layer. Volume protein calculated following
this procedure must be interpreted in a relative way. That is
to say, the total real volume of the adsorbed protein must be
higher due to the hydration effects. Moreover, our calculated
protein volume cannot be directly used to infer protein mass
density on each surface. Nevertheless, assuming the drying
process will equally modify both Col IV and Lam on every
surface, the obtained values provide valuable information to
compare the amount of adsorbed protein among surfaces
and the influence of their sequential adsorption.
Cells
Human umbilical vein endothelial cells (HUVEC, Pro-
moCell) were cultured in endothelial cell growth medium
supplemented with SupplementMix (PromoCell) containing
0.4% ECGS/H, 2% fetal calf serum, 1 ng/mL epidermal
growth factor, 1mg/mL hydrocortison, and 1 ng/mL basic
fibroblast factor. For the adhesion experiments the cells were
detached from around confluent flasks with Trypsin/EDTA
(Invitrogen) and the remained trypsin activity was stopped
with 100% FBS before two times washing with medium
without supplements. Finally, the cells were counted and
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reconstituted in serum-free endothelial cell medium to be
seeded on the different surfaces.
Overall cell morphology
To study the overall cell morphology of HUVEC adhering
to different samples, 5· 104 cells/well were seeded in 24-well
TC plates (Costar) containing the samples for 2 h in the
serum-free medium. At the end of incubation, the cells were
fixed with 4% paraformaldehyde (10min) and permeabilized
with 0.5% Triton X-100 for 5min. For the overall morphology
studies and cell adhesion measurements the actin cytoskel-
eton was stained with 20 mg/mL AlexaFluor 488 phalloidin
(Molecular Probes) in PBS before the samples were washed
and mounted in Mowiol. In some cases phalloidin was ad-
ded to the secondary antibody solution (for double vinculin/
actin staining). The samples were viewed on fluorescent
microscope (Nikon Eclipse E800) and at least three repre-
sentative images were acquired.
Quantification of cell adhesion and spreading
Morphological parameters such as number of adhering
cells and mean cell surface area were evaluated using the
ImageJ plug-ins (NIH; http://rsb.info.nih.gov/ij/). The ad-
hesion was measured by counting the cells in three randomly
chosen images of actin-stained samples to obtain the number
of cells per cm2. Data were collected from at least three in-
dependent experiments and the average cell area was further
measured for each individual image (in mm2) and calculated
for each condition.
Immunofluorescence
Observation of focal adhesion contacts. About 5 · 104
cells/well were seeded as above for 2 h in serum-free me-
dium. To observe focal adhesions, fixed and permeabilized
samples were saturated with 1% albumin in PBS for 15min.
Focal adhesion complexes were observed using monoclonal
anti-vinculin antibody (Sigma) dissolved at 1% albumin
solution in PBS for 30min followed by Cy3-conjugated Affini-
Pure Goat Anti-Mouse IgG (H+L) ( Jackson ImmunoResearch)
as secondary antibody. The samples were viewed and photo-
graphed on a Laser Scanning Confocal Microscope Leica at
high magnification where at least three representative images
were acquired for each experimental condition.
Statistical analysis. All cellular studies were performed
with at least three replicates. Morphological quantification
for each surface and each condition was obtained from at
least six representative pictures, which were digitally ana-
lyzed. Statistics was performed using StatGraphics Plus
software employing ANOVA simple and Kruskal–Wallis
tests to determine statistically significant differences between
groups ( p< 0.05). Each data point represents mean– standard
deviation from at least three independent experiments.
Results and Discussion
Col IV and Lam are the main component of the vascular
BM11,12 where endothelial cells reside in a rather 2D envi-
ronment, for example, in a similar geometry when adhering
to the surface of blood contacting devices where the en-
dothelization is highly desirable.7,11,12 However, while en-
dothelial cells procurement technologies for seeding
implants have significantly improve, adhering cells often
dedifferentiate and act in a counterproductive manner, ac-
celerating device failure.3,4,6 We anticipate that an important
factor for this altered endothelization response might be the
missing environmental signals from the natural BM. Thus,
tailoring the behavior of adsorbed Col IV and Lam on bio-
materials interface would provide a powerful tool (from the
materials site) for maintaining the functional performance of
implant.
It is well documented that the substratum –OH groups
strongly affect both the conformation and biological perfor-
mance of adsorbed proteins.17,19,21,22 Relatively little is
known, however, about the intermolecular associations of
adsorbed protein molecules, particularly when they tend to
assembly within the protein layer. In this study we used a
family of model substrates based on the copolymerization of
EA and HEA monomers, which have a vinyl backbone chain
with the side groups –COOCH2CH3 and –COOCH2CH2OH,
respectively. Their combination gives rise to a random co-
polymer22 with tailored concentration of –OH groups that
determines both the surface energy and the hydrophilicity of
the substrate (Table 1).
Topography of the surfaces examined by AFM prior pro-
tein adsorption yielded similar roughness parameters re-
gardless the polymer composition. Roughness parameters
obtained were Ra= 18 – 4 nm and Rms = 22– 4 nm (Ra is the
arithmetic average of the height deviations; Rms is defined
as standard deviation of the height values).
The fraction of –OH groups on the surface was assessed by
XPS. Table 1 includes the surface HEA molar fraction for
each of the copolymers. It is noteworthy that the fraction of
hydrophilic units on the surface is similar to the initial ratio
of HEA in the feeding mixture of co-monomers. That is to
say, most of the hydroxyl groups in the system remain
available to interact with the biological media.
Behavior of adsorbed Col IV on surfaces
with different –OH content
The network-forming Col IV is a triple helical molecule
composed of three alpha chains, which self-assemble by anti-
parallel interactions and extensive disulfide bounding.10 In
the BM these monomers associate with their C-terminal
globular NC1 domains to form dimers or with N-terminals
to form tetramers.10,23,24 Observations have been made that
Table 1. Equilibrium Water Content and Water
Contact Angle for the Different Substrates
with Increasing Fraction of –OH Groups
XOH EWC (%) WCA () XOH (XPS)
0 1.7 – 0.4 89 – 1 0
0.3 7.6 – 0.9 80 – 2 0.25 – 0.05
0.5 18.2 – 1.7 67 – 1 0.45 – 0.08
0.7 40.6 – 0.4 55 – 1 0.68 – 0.06
1 134– 5 45 – 2 1
The first column represents the fraction of HEA units used in the
copolymerization process; the last one is the fraction of HEA units
available on the material surface as obtained from XPS analysis.
EWC, equilibrium water content;WCA,water contact angle;HEA,
hydroxylethyl acrylate.
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Col IV could be linearly organized during early BM assem-
bly,25 suggesting that cells are also involved in the process.
While the molecular mechanisms that endow the spatial or-
ganization of Col IV in the BM are still debatable, our current
results15,26 suggest that material surface-associated Col IV
may undergo cell-dependent rearrangement, presumably
through reversible association with FN fibrils—a fact that
brings forth our interest on the molecular arrangement of BM
proteins at biomaterials interface.
Structure of Col IVmolecule was extensively studied during
last decades23,24,27 and AFM provide significantly insight.28
AFM is an exceptional tool to explore the conformation and
distribution of matrix proteins at the biomaterial interface.
Since roughness for most of the biomaterials surfaces is well
above the height of protein molecules (5–10nm)28 direct ob-
servations of ECM proteins deposition on commonly used
biomaterials are sparsely reported. In previous research we
could show that the phase magnitude in tappingmode AFM is
a good approach to obtain significant information on protein
configuration.21 The reason why we have chosen working in
air in this study is mainly due to the stability of the system,
which continues to be much better in air compared to the
scanning in liquid environments. For example, we have found
that on hydrophobic materials, images obtained in air are
comparable to those acquired in liquid but with much better
resolution. By contrast, on very hydrophilic surfaces that
moreover adsorbed large amounts of water, the interpretation
of the AFM images must be done carefully.
The AFM phase images shown on Figure 1A describe the
surface behavior of adsorbed Col IV depending on the
fraction of –OH groups, which vary from XOH = 0 to XOH = 1.
Two general trends might be distinguished: (i) single mole-
cules arrangement (see arrowhead on XOH = 0.5) character-
istic for the intermediate hydrophobic substrata, and (ii) a
tendency for molecular assembly in network (see arrow on
XOH= 0.7), which increase with hydrophobicity, leading to
the formation of an augmented network structure at XOH = 0,
presumably consisting of molecular aggregates. Elongated
fibril-like features were observed also on the most hydro-
philic poly EA; equal to XOH = 0 (PEA) surface presumably
representing few laterally associated molecules (arrowhead
on XOH = 1). When Col IV adsorbs on mica it typically forms
dimers through intermolecular interactions of two Col IV
monomers via the globular NC1 domains.28 Indeed, such
globular features connected with long arms can be easy
distinguished on intermediate hydrophilic XOH = 0.5 and
XOH= 0.3 samples (see arrowhead on XOH = 0.5). Even on
mica, however, Col IV dimers display a variety of configu-
rations often forming loops and folds,28 which may explain
the appearance of rather complex shapes seen on XOH = 0.7.
The formation of tetramers via interactions of 7S domains is
also feasible28 (see arrow on XOH = 0.3) presumably involved
in the formation of networks (upon decrease of –OH content)
as single tetramer features were not observed. Nevertheless,
the longitudinal sizes of obtained structures vary between
300 and 600 nm (see arrowhead on XOH = 0.5), which is in the
range of individual molecules size of unfolded Col IV
monomer (346+ 3.8 nm)28 and dimers might be maximally
doubled, for example, around 700 nm, but when are com-
pletely unfolded. The Col IV arrangement on XOH = 0.3 is
more subtle. Here the links between individual molecules
cause a tendency for network assembly. Since there are no
FIG. 1. Phase AFM images of adsorbed Col IV on sub-
strates with increasing fraction of –OH groups (A) following
the order: XOH = 0, XOH = 0.3, XOH = 0.5, XOH = 0.7, XOH = 1
from the top to the bottom. Corresponding topographic
profiles of adsorbed Col IV on the same substrates (B)
viewed by AFM software (see Methods section). AFM,
atomic force microscopy; Col IV, collagen IV.
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overlapping regions, arrangement at single molecules level is
very probable. More precise topographical analysis also
shows the most homogenous size distribution of the features
on this sample (Fig. 1, column B) suggesting formation of
complex structure consisting of small repeating units. That is
to say, the topography histograms (1B) show a single dis-
tribution of molecules within the interval 5–15 nm for most of
the samples that even narrows to 2–6 nm for XOH = 0.3. In-
deed, we cannot discard that the formation of structures on
this surface is partly a consequence of the drying process,
which could lead to lateral reorganization of the adsorbed
layer at the air–liquid interface, but this process seems to be
favored on very hydrophilic surfaces because of the absence
of protein–surface interactions strong enough to prevent
protein relaxation during water release.39
As shown in Table 2, the total amount of adsorbed Col IV
decreases sharply as the hydrophilicity of the sample in-
creases and then remains in barely constant. Conversely, on
pure PEA (XOH = 0) the process turns to the formation of an
augmented network that enhances interactions between
molecules, resulting in the formation of a complex protein
structure (aggregate) where individual molecules cannot be
distinguished any more. This arrangement of Col IV on PEA
(XOH = 0) occurs as on hydrophobic ODS but with different
volumetric distribution: multilayer aggregates on ODS ver-
sus lateral interactions on XOH = 0.15 This fact supports the
idea that the concrete underlying chemistry—not only the
wettability of the substrate—determines protein adsorption
and distribution at the material interface.16,17
Biological response to the adsorbed Col IV
The surface wettability has long been recognized as an
important parameter for protein adsorption and cellular in-
teraction.5,16,29 In general, hydrophilic surfaces support cell
adhesion and spreading, usually attributed to the appropri-
ate conformation of adsorbed matrix proteins.5,21,30,31 How-
ever, this is not always straightforward since materials with
very high wettability, which bind much water-like hydro-
gels, do not support protein adsorption and cell adhesion.32
Our study shows a very good interaction of HUVEC with the
most hydrophilic XOH = 1 substratum, which is not surpris-
ing, as this surface might be considered as moderately wet-
table where the best cellular interaction is expected.32,33
Indeed, the cells look well spread (Fig. 2A, left column) and
develop an elongated morphology. The promoted cellular
interaction is confirmed by the quantitative measurements
for the adhesion (Fig. 2D, left chart) and spreading (Fig. 2D,
right), both optima showing a significant increase over other
conditions ( p < 0.05) Surprisingly, however, HUVEC repre-
sents a second optimum for cell interaction, that is on the
relatively hydrophobic XOH = 0.3 surface (hydrophobic ef-
fect), where adhesion and spreading again significantly
( p < 0.05) improve (Fig. 2A). For comparison, on the same
chart are shown the quantities for adhesion and spreading to
glass (as a positive control). It can be seen that adhesion, but
not spreading, of cell on XOH = 0.3 is significantly higher,
whereas on XOH = 1 it equal with the control. The spreading
area is equal for all XOH = 0.3, XOH = 1, and control samples.
The overall morphology of cells on the control sample might
be seen on Fig. 5C. Further decrease of –OH groups (XOH = 0
surface) tends to diminish the cellular interaction. HUVEC
fail to interact also with the intermediate fractions of XOH =
0.5 and XOH = 0.7: overall, the cells tend to round (Fig. 2, row
A) and both adhesion and spreading show significantly
lower ( p < 0.05) quantities (Fig. 2D), all this confirming the
optimum at XOH = 0.3. Nevertheless, on the XOH = 0 and
partly XOH = 0.3 surfaces, the cells represent an irregular
shape with often appearance of star-like protrusions, rich on
actin (see Fig. 2A and C), but normal focal contacts formation
(Fig. 2B), which suggest a rather good cellular interaction. To
rationalize this cellular behavior in terms of protein ad-
sorption shown on Figure 1, it suggests that supramolecular-
sized fibrillar features formed on the XOH = 1 substrate favor
cell adhesion; that is to say, Col IV is adsorbed in such a way
that it provides enhanced availability of the binding site (for
a1 and a2 integrins) located*100 nm away from the amino-
terminus.23,24,27 As the hydrophilicity of the substrate di-
minishes, protein distribution became complicated, from
more complex features seen on XOH = 0.7 (see Fig. 1A), the
isolated fibrils are more characteristic for XOH = 0.5 (Fig. 1A),
but why these structures appear worse for the cellular in-
teraction is not clear. Moreover, lateral protein interactions
are enhanced on XOH = 0, which must hidden binding do-
mains resulting in poorer cell interaction.
Assembly of LAM on surfaces with
different –OH density
It is proposed that the assembly of BM is initiated by Lam.
It self-assembles into heterotrimers that bind to the cell sur-
face via integrin receptors.34–36 The structure of Lam mole-
cules has been extensively studied during the recent decades
employing electron microscopy and also AFM.16,37,38 Con-
sistent with this studies an appearance of cross-shaped
molecules with approximate size of 70–100 nm (depending
on their conformation) might be expected as the maximal
dimensions of the completely extended cruciform Lam
molecule is 125 nm long, 72 nm wide, and 2.2 nm thick.37
The phase images on Figure 3A show Lam distribution
after adsorption from solution of a high concentration
(20mg/mL). Note, although such concentration is not opti-
mal for AFM imaging, it is the one used for the cellular
investigations. We found a clear tendency for protein as-
sembly in networks at almost all ranges of surfaces (Fig. 3,
column A). However, these networks vary significantly in
their thickness and organization: on substrates with low OH
content, these structures are prominent (XOH = 0–XOH = 0.5),
whereas a rather subtle protein deposition is characteristic
for XOH = 1 and XOH = 0.3 surfaces (see Fig. 3, row A). It
Table 2. Total Volume Occupied by the Protein
on a 1mm2 Area of the Substrate as Calculated
from AFM Data After Adsorption of Col IV,
Lam, or Col IV +Lam
XOH Col IV Lam Col IV/Lam
0 6.0 – 1.1 5.0 – 1.2 8.0 – 1.3
0.3 2.1 – 0.3 3.0 – 0.9 3.5 – 1.1
0.5 0.7 – 0.2 2.5 – 0.8 3.7 – 1.2
0.7 1.5 – 0.2 0.7 – 0.2 6.0 – 1.4
1 1.2 – 0.3 6.0 – 1.5 4.5 – 1.3
AFM, atomic force microscopy; Col IV, Collagen IV; Lam, Laminin.
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FIG. 2. Overall morphology
of HUVEC adhering on Col
IV-coated substrates with in-
creasing –OH density (A). Bar
100 mm. The same samples
were stained for vinculin (B)
and actin (C) to study the
formation of focal adhesion
contacts and actin cytoskele-
ton organization, respec-
tively. Bar 10 mm. The
quantities for cell adhesion
expressed as number of cells
per cm2 (D, left graph) and
cell spreading area shown in
mm2 (D, right graph) are
compared to the control glass
samples (white bars).
HUVEC, human umbilical
vein endothelial cells.
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seems that increasing the fraction of –OH groups tend to
diminish the network formation presumably reducing the
lateral intermolecular interactions. However, on most hy-
drophilic XOH = 1 surface, Lam shows again surprisingly
high protein deposition as extrapolated from the calculations
for the adsorbed protein volume (Table 2). The same non-
monotonic trend in the amount of adsorbed protein was
previously found on this family of surfaces using fibronec-
tin.21 Note, on the same surface we have previously found
globular-like Lam deposition after adsorption from solutions
of much lower protein concentration,16 which stress the im-
portance of the competition between protein–protein versus
protein–material interactions to determine the conformation
of LAM at the material interface. On a collateral side,
swelling of polymer may result in the entrapment of some
Lam aggregates within the polymer, which may also explain
the biphasic size distribution of features seen on XOH = 1
substratum only (Fig. 3, column B, bottom). Also, the drying
process could lead to lateral reorganization of the adsorbed
protein layer at the air–liquid interface, and this process
seems to be favored on very hydrophilic surfaces because of
the absence of protein–surface interactions strong enough to
prevent protein relaxation during water release.39 Never-
theless, independently of the complex arrangements of Lam
on our surfaces some cross-shaped structures that resemble
single molecules seen on mica37 can be sparsely observed on
XOH = 0.3 and XOH = 1 surfaces (Fig. 3A, arrowheads), sug-
gesting a protein deposition in a near-natural configuration.
Cellular interaction with LAM
Figure 4A describes the behavior of HUVEC on Lam ad-
sorbed on the same substrates order. Again, two maxima in
the cellular interaction were obtained at XOH = 1 and XOH =
0.3 surfaces. Overall, the cells look better spread in com-
parison to Col IV samples (Fig. 2), evident from the
well-developed focal adhesion complexes (Fig. 4, column B)
and prominent actin stress fibers (Fig. 4, column C). Like-
wise, the cellular interaction is abolished on XOH = 0.7 and
XOH = 0.5 samples, which is confirmed from the quantitative
measurements of both adhesion (Fig. 4D, left) and spreading
(Fig. 4C, right), showing significantly lower values ( p< 0.05).
Interestingly, here both the adhesion and spreading to
XOH = 0.3 and XOH = 1 override the values of control glass
samples (Fig. 4D) although not significantly ( p > 0.05). The
overall morphology of cells on the control Lam-coated
sample might be seen on Figure 5D. Again, a tendency for
diminished cellular interaction on the most hydrophobic
XOH = 0 surface was found (Fig. 4A).
This family of Lam-coated polymers was used for in vitro
studies with other cell systems. While better adhesion of
Schwann cells was obtained at XOH = 0.8 (close to the maxi-
mum XOH = 0.7 found with HUVEC), the best performance
using neural progenitors was found for XOH = 0.5, on which
HUVEC interact worst.40,41 Taken together, it points out
the cell type specificity in the interaction with Lam-coated
materials.
Spontaneous interaction of HUVEC
with bare substrata
AFM images show areas of bare polymer, which raise an
important question: do the cells adhere to the plain polymers
FIG. 3. Phase AFM images of adsorbed Lam on substrates
with increasing fraction of –OH groups (A) following the
same order as in Figure 1. Corresponding topographic pro-
files of adsorbed Lam on the same substrates (B) viewed by
AFM software. Lam, Laminin.
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FIG. 4. Overall morphology of
HUVEC adhering to Lam-coated
substrates with increasing –OH
density (A). Bar 100 mm. Cells
were stained also for vinculin (B)
and actin (C) as in Figure 2.
Bar 10 mm. Quantities for cell
adhesion (D, left graph) and
spreading (D, right graph) are
compared to control glass
samples (white bars).
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and does this adhesion vary with –OH density? To address
this we performed separate experiment exploring the cellular
interaction with bare surfaces. Figure 5 (column A) clearly
demonstrates that the cells attach less efficiently and look
shrink on all bare substrata suggesting a nonphysiological
attachment, but a surprising tendency for higher attachment
on XOH = 1 and XOH = 0.3 was found, further confirmed by
the quantitative measures for cell adhesion ( p< 0.05) (Fig.
5H, upper chart), which suggests that these substrates pro-
vide better physical environment for cell attachment even in
comparison to the control glass surface. However, it concerns
cell adhesion, but not spreading, as the latter was even
FIG. 5. Overall morphology of HUVEC adhering on plain substrates with increasing OH density (A), and different control
samples including plain glass (B), Col IV-coated glass (C), Lam-coated glass (D), and sequential Col IV/Lam-coated glass (E).
Bar 100 mm. The last two images demonstrate spontaneous secretion of Col IV (F) and Lam (G) by HUVEC within 2 h of
incubation on glass. Bar 20 mm. The charts below represent quantities for cell adhesion (H) and spreading (I) to bare samples
compared with glass control (white bars).
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lowered versus control glass (Fig. 5H, lower chart), showing
that these polymers provide conditions that are not sufficient
to support the development of normal cell shape. On the
other hand, it seemed unlikely that the cells adhere directly
to bare substrates; therefore, the existence of some traces of
adhesive proteins in the system might be expected. Pre-
sumably, they have to be secreted by HUVEC, as the effect of
serum proteins can be excluded after the two times washing
step we use for cell harvesting (See Methods section). Indeed,
when HUVEC were stained for Col IV and Lam, both pro-
teins were identified on the substratum beneath the cells
even after 2 h incubation (Fig. 5F and G, respectively).
Therefore, the improved spontaneous adhesion of HUVEC
on XOH = 1 and XOH = 0.3 should be attributed to the consti-
tutive release of Col IV and Lam (and may be other adhesive
proteins), which influence the cellular interaction during the
adhesion process. It is noteworthy, however, that this be-
havior of Col IV and Lam differs significantly from other
matrix proteins, such as fibronectin17 and fibrinogen.19 Al-
though they also tend to assemble on pure PEA (XOH = 0) the
cellular interaction gradually increases as the fraction of OH
groups diminishes. Conversely, vitronectin cannot form
networks18 but show the same trend in bioactivity. The very
similar biphasic behavior of HUVEC on Col IV and Lam-
coated XOH = 0.3 and XOH = 1 substrata suggests that the
adsorbed proteins acquire a configuration close to the natu-
ral one, and interestingly, single molecular-size features were
observed for both proteins on XOH = 0.3 only (see arrow on
Fig. 1A and arrowhead on Fig. 3A).
Sequential deposition of Col IV and Lam
The resemblances in the behavior of Col IV and Lam in
respect to their assembly and cellular interaction suggest that
similar forces might guide their organization in the BM,
where they form overlapping polymeric network.10,13,24,42
This provoked our interest in a joint Col IV-Lam deposition,
which could provide insights on their natural interplay in the
BM. Unfortunately, these two proteins possess different
solubility (Col IV dissolves in acid, whereas Lam in neutral
conditions), which exclude their assembly together. Thus, the
only simple solution was to adsorb them consequently, first
Col IV and then Lam.
Figure 6A displays the complex phase images obtained
after sequential Col IV/Lam adsorption. A tendency for joint
network formation was found on most surfaces, except on
XOH= 1, where rather globular protein deposition (resem-
bling the behavior of Lam) was obtained (see Fig. 3, column
A). It is still difficult to distinguish Col IV or Lam features,
though clearly better network formation is seen on XOH = 0.3
sample. Sequential adsorption shows that the amount of
adsorbed protein (see Table 2) is not just a superposition of
these obtained for Col IV and Lam independently. Except for
XOH= 1, it is always above these quantities (Table 2), which is
consistent with the possibility that some Lam is additionally
deposited on the surface. Interestingly, Lam tend to absorb
preferentially on XOH = 0.5 and XOH = 0.7 surfaces after Col
IV deposition than on the bare polymers (Table 2), suggest-
ing heterotypic intermolecular interaction.
The structure of the protein layer looks different on PEA
(XOH = 0). Here prevails the homogenous ‘‘sponge-like’’
protein deposition interrupted by polygonal empty spaces,
FIG. 6. Phase AFM images of sequentially adsorbed Col IV
and Lam on substrates with increasing fraction of –OH
groups (A) following the same order as in Figure 1. Corre-
sponding topographic profiles of adsorbed proteins on the
same substrates (B) viewed by AFM software.
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FIG. 7. Overall morphology of
HUVEC adhering to sequen-
tially adsorbed Col IV and Lam
on substrates with increasing
–OH density (A). Bar 100 mm.
The cells were stained also for
vinculin (B) and actin (C). Bar 10
mm. Quantities for cell adhesion
(D, left graph) and spreading (D,
right graph) are compared to
control glass samples (white
bars).
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thus resembling the pattern of both Col IV (Fig. 1A) and Lam
(Fig. 3A) networks. As Col IV adsorbs first it probably serves
as a template for subsequent Lam assembly. The dominating
sponge-like structure, however, presumably represents a
joint Col IV-Lam network as it is not seen on the single
protein series. Interestingly, the morphology of this complex
network structure looks similar to those shown on the to-
pographic AFM images of the natural BM underlying the
corneal epithelium.43
The above assumption is confirmed by the improved cel-
lular interaction that we obtained on XOH = 0 surface. As
shown on Figure 7A, HUVEC represents the best morphol-
ogy exactly on this sample demonstrating advanced cell
spreading and polarized cell morphology reflecting their
active crawling on the substratum. The most extensive for-
mation of focal adhesions (Fig. 7B) and actin stress fibers
(Fig. 7C) also confirm the improved cellular interaction. This
suggests the appearance of a hydrophobic shift in bioactivity,
confirmed also by the quantitative measurements, as cell
spreading was significantly higher not only within the
group, including control glass (Fig. 7D, right), but also
compared to all other single protein series. Note, though the
cells are well spread on XOH = 0.3 (optimum for single Col IV
and Lam-coated series), they are often lacking their focal
adhesions at cell borders, which points for a lowered
strength of interaction with the substratum; that is, these
samples start to represent lowered bioactivity when the
matrix proteins are jointly assembled. Conversely, the com-
plex Col-Lam network formation obviously supports the
cellular interaction on the most hydrophobic XOH = 0 surface,
which provides better environment for the cells presumably
because it resembling the natural structure of the BM.43
Conclusion
This work describes the behavior of the main components
of the BMs—Col IV and LAM—on well-defined surfaces
with tailored density of hydroxyl groups. AFM studies re-
vealed substratum-induced assembly of both proteins from a
single-molecule arrangement to the specific networks better
pronounced on hydrophobic environment.
The interaction of endothelial cells surprisingly shows two
optima, a hydrophilic (XOH = 1) one and a hydrophobic
(XOH = 0.3) one, reveled from the changes in the adhering
cells morphology, the quantities for cell adhesion and
spreading, and the development of focal adhesion com-
plexes. When both proteins were applied consequently, dis-
tinct complex morphology of the adsorbed protein layer was
observed resulting in a ‘‘hydrophobic shift’’ in cellular in-
teraction. In this article, we do not describe the specific
conformation of individual molecules as it is difficult to
follow with AFM on such rough environment. However, we
show that the supramolecular assembly of both Col IV and
Lam play an important role, which is the rationale of this
work. Although at this time we cannot provide a real model
for the functional interplay between proteins and cells, we
could show the main players that affect the surface behavior
of these matrix proteins: (1) the tendency (not obligatory!) for
single molecule deposition on more hydrophilic substrata;
(2) the hydrophobic environment provokes the assembly of
proteins in networks (including joint Col IV-Lam networks);
(3) these networks improve the cellular interaction (with
optimum at XOH = 0.3), and (4) the very hydrophilic envi-
ronment may also provoke the cellular interaction, presum-
ably providing better molecular conformation (unfolded) of
proteins that is more accessible for integrin receptors. Con-
versely, we do not state that these findings are universal, as
our previous data show that other proteins like fibronec-
tin,17,21 vitronectin,18 and fibrinogen19 behave differently on
the same family of surfaces.
This work opens the door of using similar approaches to
study different protein systems involved in cell–biomaterial
interaction and BM organization.
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